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In recent years, wind power industry has been flourishing and in China the focus has been gradually 
shifted from land-based to offshore wind farms. There are many advantages for offshore wind farms, 
such as abundant wind energy reserves, high utilization of the wind turbine capacity, not taking up land 
resources and so on. As wind turbine technology improves, offshore wind farms have been expanding 
quickly and are located further away from the onshore grid. The power transmission problem has 
become one of the key issues for restricting the development of offshore wind farms. For example, the 
technology of high voltage direct current transmission based on voltage source converter (VSC-HVDC), 
suitable for long-distance transmission of offshore wind energy, has become one of the current research 


Offshore wind farm 
Topology 
Control strategy 


focuses. This has resulted in higher requirements on the aspects of converter voltage level, system 
dynamic performance, and network power quality. The paper first discusses converter topology for 
offshore wind farm grid integration. Two VSC-HVDC projects for connecting offshore wind farms, which 
are located in Shanghai and Dalian of China, are presented in detail. Based on the two projects, the 
structure, control methods and application of modular multi-level converter are presented. The control 
strategies of VSC-HVDC are then discussed, focusing on double closed-loop vector control, direct power 
control, deadbeat control and the control methods for unbalanced grid voltage. This can provide good 
theoretical foundation for the grid integration of large offshore wind farms. 

© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Development and large-scale utilization of wind energy is of 
great significance and strategic value in promoting national econo- 
mic development and environmental protection, solving global 
energy crisis and so on. This has become one of world's important 
strategic goals to achieve sustainable development. According to 
Chinese Wind Energy Association statistics, by 2013, the global 
total installed capacity of offshore wind power has reached about 
7100 MW [1], with 428.6 MW in China. In China's “The 12th Five- 
Year Plan”, offshore wind power is one of the development 
focuses. According to the preliminary provincial statistics of off- 
shore wind power development plan, the cumulative installed 
capacity of offshore wind power in China is expected to reach 
5 GW by 2015. The focuses of the coming development and 
construction will be offshore wind bases in Jiangsu and Shandong, 
and the promotion of offshore wind farm development in Hebei, 
Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, Hainan pro- 
vinces. The capacity is expected to reach over 30 GW in 2020 with 
27.7 GW offshore and 5.1 GW inter-tidal. This article discusses the 
key technologies of VSC-HVDC converters for offshore wind 
including converter topology and control strategies of VSC- 
HVDC. It also provides an overview of the two offshore wind farm 
projects using VSC-HVDC in China, illustrating the details of the 
topologies, modulation methods, and voltage balancing control 
strategy of the modular multilevel converter (MMC) used in both 
projects. Finally, the VSC-HVDC control strategies for offshore 
wind farm system are reviewed, including double closed-loop 
vector control, direct power control, deadbeat control, and other 
non-linear control algorithms. 


2. Converter topologies and its engineering applications 


The two- and three-level converters are fairly maturity, having 
been used for offshore wind farm VSC-HVDC system [2]. However, 
the voltage rating of individual full-controlled switching devices, 
such as IGBT, is low compared to the required converter DC 
voltage. Thus, the bridge arm is usually composed of series- 
connected multiple switches, namely valve group. For three-level 
converters, most applications use the diode-clamped structure 
which was first proposed in 1981 by A. Nabae [3]. Other commonly 
used three-level structures include flying capacitor [4,5] and active 
neutral point clamped (ANPC) converters [6], etc. The VSC-HVDC 


Table 1 
VSC-HVDC projects for offshore wind farm adopting two and three level converter. 


Project Topology Capacity DC voltage/kV 
Tjaereborg Two level 7.2 MW/—3~ +4 Mvar +9 

Direct Link 180 MW/—75~ +75 Mvar +80 

Gotland 50 MW/-—30~ +30 Mvar +80 

Eagle Pass Three level 36 MW/-—36~ +36 Mvar + 15.9 
Murray Link 200 MW/-— 150 ~ +140 Mvar +150 

Cross Sound 330 MW/—75~ +75 Mvar +150 

EstLink 330 MW +150 


projects using two- and three-level converters that have been put 
into operation are summarized in Table 1 [7,8]. 

Large-scale development and utilization of offshore wind farms 
increase the requirements of converters for VSC-HVDC, especially 
the voltage and capacity ratings. For two- and three-level con- 
verters, a large number of switches directly connected in series 
make the manufacturing process difficult with reduced reliability. 
In addition, harmonic contents of converter output voltage are 
high, and thus high-capacity AC filters are needed. To solve these 
problems, a variety of multi-level converter topologies have been 
proposed, including re-injected multilevel converter [9,10], ANPC 
multilevel [11-13], multiplex converter [14,15], and modular 
multilevel converter (MMC) [16-18]. Among them, the MMC 
composed of half-bridge structure as sub-modules is suitable for 
VSC-HVDC systems. This topology has been adopted by Shanghai 
Nanhui wind farm VSC-HVDC demonstration project and the 
cross-sea VSC-HVDC demonstration project being constructed in 
Dalian of China. The structure, operation mode and range, and 
operating principle are now introduced as follows. 


2.1. Shanghai Nanhui VSC-HVDC demonstration project 


2.1.1. Project overview 

In March 2011, China's first VSC-HVDC project with completely 
independent intellectual property rights named China-Shanghai 
Nanhui VSC-HVDC demonstration project, was successfully com- 
pleted and started its trial operation |17]. The converter station at 
Nanhui wind farm can realize dynamic voltage support, reactive 
power compensation, and DC power transmission. The scheme is 
rated at 18 MW with a DC voltage of +30 kV and DC current of 
300 A. The Length of the DC cable is 8.6 km. As shown in Fig. 1, the 
wind farm output is connected to the 10 kV bus at Nanhui wind 
farm station, and is then stepped up to 35 kV. The original double 
AC lines of Nanhui wind farm are connected to the 35 kV Dazhi 
station. After alteration, the original AC line of 35 kV bus I is 
disconnected. The Nanfeng converter station is then connected to 
this bus and its DC is connected to the Shurou converter station 
through DC lines. After DC/AC conversion in Shurou station, it is 
connected to bus I at the Dazhi station. 


2.1.2. Operation mode 

There are two operation states for the VSC-HVDC station, i.e., 
static var compensator (STATCOM) state with single-station and 
HVDC state with two stations. There are further five operation 
modes for the HVDC state by changing the operation mode of the 
stations and adjusting the operation state of the related substa- 
tions in the grid. 

Operation mode 1: Connect to grid by VSC-HVDC. Nanhui wind 
farm is connected to Dazhi station through Nanfeng converter 
station, Nanrou lines and Shurou converter station. The Zhifeng 
3392 line is in reserve. It provides technical support and opera- 
tional experience for future wind farm grid connection using 
HVDC. 

Operation mode 2: AC and DC lines are of parallel operation. 
Nanrou line and Zhifeng 3392 line run at the same time. It 
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Fig. 2. The primary side structure of Nanfeng station. 


provides technical support and relevant operating experience for 
hybrid AC-DC transmission system. 

Operation mode 3: Stations at both ends run as STATCOM. The 
Zhifeng 3992 AC line operates and the Nanrou DC line uses as 
reserve. Both converter stations operate as STATCOM, involving in 
AC system voltage/reactive power regulation. It provides technical 
support and relevant operating experience for gird reactive power 
control. 

Operation mode 4: VSC-HVDC supplies passive load. The 
Nanhui wind farm and Nanzhi 3955 line are disconnected and 
the power flow is from bus I to bus II of Dazhi station through the 
VSC-HVDC system, the 35 kV bus I and bus II of Nanhui wind farm, 
and the Zhifeng 3992 line. It provides technical support and 
relevant operating experience for system of supplying isolated 
island. 

Operation mode 5: AC transmission runs independently. 
Nanhui wind farm is connected with the 35 kV bus II of Dazhi 


station through Zhifeng 3992 line. The VSC-HVDC system is out of 
operation. It is for VSC-HVDC system maintenance and outage. 


2.1.3. Power transmission range 

VSC-HVDC can independently control its active and reactive 
power flow. Active power adjustment range is —18 MW~ + 
18 MW, and the reactive power range is —13 Mvar~ +9 Mvar. 
When the output of active power is at its maximum of + 18 MW, 
the reactive power range is + 2 Mvar. When the output of active 
power is +12 MW, the reactive power range is — 13 Mvar~ 
+9 Mvar. When the active power is within the range of 12- 
18 MW, the reactive power output limitation decreases according 
to a fixed slope. 


2.1.4. Primary side structure of the converter station 

The primary side structure of Nanfeng station is shown in 
Fig. 2. The 35kV AC system is connected to the converter 
transformer through the main circuit breaker. The AC voltage is 
transformed to the rated converter input voltage of 31 kV which is 
then connected to the converter terminals through the startup 
resistor and arm reactors. The converter transforms AC to DC and 
is connected to the other converter station through the DC cables. 


2.1.5. Working principle of multilevel converter 

The main circuit topology of the multilevel converter is shown 
in Fig. 3. Each bridge arm consists of 56 sub-modules (SMs), 
divided into two valve towers. Each valve tower is composed of 
two semi-towers with cross-wiring. There are 4 layers in each 
semi-tower and 7 SMs in one layer. Among the 56 SMs, 48 are 
active running modules with the remaining eight being redun- 
dancy ones. Each SM rated voltage is 1.5 kV. L;_¢, between the 
upper and lower arms, are the arm reactors. 

Each SM consists of IGBT components, sub-module controller 
(SMC), protecting thyristor, bypass switch, capacitors, power 
supply module, water-cooled pipes, etc. IGBT is the core compo- 
nent and there are two IGBT devices in each SM. The protecting 
thyristor is used for sub-modules over current protection acting as 
the fast bypass switch when the SM fails. This ensures that the 
system continues to run normally when some SMs fail. The SMC 
exports gate signals for the power devices. After initial charging, 
the voltage unbalance factor between the SMs is less than 10%. The 
IGBTs in each SM work complementary, and there are two states 
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Fig. 3. Structure of three-phase VSC based on modular multilevel topology. 
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for each SM, on and off state. Its output voltage is two-level, ve (on 
state) and 0 (off state) [18], where ve is SM's capacitor voltage. The 
converter DC voltage is the sum of capacitor voltage of SMs with 
on state in this phase. If each SM works in pulse width modulation 
(PWM) mode, the AC voltage of the MMC is multi-level PWM 
waveform. When the number of cascade SM is large enough, the 
SMs can work with fundamental frequency to reduce switching 
losses and the AC output voltage of the MMC is multilevel staircase 
waveform. 


2.1.6. Modulation strategy of MMC 

For MMC structures with large number of SMs, the method of 
nearest level modulation (NLM) is usually adopted. It is a process 
of reference voltage qualification and approximation. The advan- 
tage of this modulation strategy is low switching frequency. Thus, 
the switching loss is reduced and high power devices with low 
switching frequency can be used, such as gate-turn-off thyristor 
(GTO), integrated gate commutated thyristors (IGCT) etc. The 
disadvantage is that harmonic contents increases with the reduc- 
tion of the number of SMs. When MMC is used for high voltage 
VSC-HVDC system, due to the large number of SMs, the output 
voltage can reach tens to hundreds of levels. This would minimize 
the shortcomings of high harmonic contents associated with the 
NLM method. The NLM modulation principle is described below 
[19]. 

As shown in Fig. 4, the MMC reference signal is m sin (œt). 
For 2N+1 level converter, the output voltage v* can be approxi- 
mated as: 


vý = round(2 Nm sin(at)) - Vac a) 


where round is the integral function and vg, is capacitor voltage of 
SM (Assume that all SMs' voltage are balanced.). round 
(2 Nm sin(@t)) is the number of SMs with on state in upper arm. 
The upper and lower arms work complementary. When there is a 
SM becoming on state in lower arm, there will be one becoming 
off state in upper arm, and vice versa. Thus, switching state of all 
the SMs can be determined by the reference signal and the output 
stair wave is equivalent to the reference signal. In addition, the 
NLM strategy can keep the number of SMs at on state in each 
phase constant and suppress circulation current among the three 
phases. 


2.1.7. Voltage balancing control 

For MMC, the DC voltage at each phase will not be exactly 
equal, and therefore, there will be circulating components in the 
arm currents. In addition, the parameters of the DC capacitors in 
the SMs and their power losses vary. All the above factors can 
cause unbalance among the DC bus voltages of the SMs. If not 
tackled, this would result in different voltage stresses for the 
power devices, thus increasing devices’ voltage rating. It could 
even lead to system instability. For DC capacitor voltage balancing 


Nvac A 
(N-1) Vac 


Vde 


Fig. 4. The strategy of NLM. 


control, there are two methods, i.e. DC capacitor voltage sorting, 
and adding balance component into reference signal. 


(i) Method of DC capacitor voltage sorting [20] 

From the NLM strategy, the number of SMs with on state is 
half of the total of SMs in one phase and keeps constant. This 
ensures the total DC voltage from the upper and lower arms in 
each phase to be constant. The number of SMs with on and off 
state in each arm is determined by the amplitude of the 
reference signal and the NLM strategy. The SMs' capacitor 
voltages are sorted according to the arm current direction and 
firing pulses are then allocated to each SM according to the 
sorting results. The allocation rule is to make the capacitors of 
SMs with the lowest voltage charge, and the highest voltage 
ones discharge. 

Method of adding balance component into reference signal 
[21] 

The circulating currents at twice the fundamental frequency 
can cause large fluctuation of SM capacitor voltages. Propor- 
tional regulator can be used for suppressing the circulating 
currents. The deviation between the DC capacitor voltages of 
SMs in one phase and the given value are used as the inputs of 
the regulator. The output of the regulator, denoted as Uave is 
added to the reference value Uef tO produce the final voltage 
reference signal U;er = Uef + Uave. By this way, the circulating 
current is suppressed and the capacitor voltage fluctuation is 
reduced. 


(ii 


YS 


2.2. Dalian cross-sea VSC-HVDC demonstration project [22] 


2.2.1. Project overview 

The project started in July 2012 and is scheduled to become 
operational by the end of 2016. The capacity is 1000 MVA and the 
DC voltage is + 320 kV. The total DC cable length is about 54 km 
with 35km of submarine cable. The total investment for the 
project is expected to reach 5.1 billion Yuan. The sending end 
converter station locates at Jinjia area of Dalian, which is an 
extension project based on Huai river 220 kV substation. The 
receiving end converter station is at Donggang area of Dalian 
south, which is connected with Gangdong and Qingyun substation 
through two group lines, respectively. The VSC-HVDC system can 
operate with two modes, i.e. active mode, which can strengthen 
the transmission capacity of the Dalian urban grid, and reactive 
mode. If the AC transmission channel between Dalian southern 
grid and the main grid were to be completely disconnected (For 
example, tower collapses), the southern grid would run as an 
“isolated island“ with all the power supplied from the VSC-HVDC 
system. It can enhance power supply reliability and transmission 
capacity in Dalian central area, elimination security risks of 
the grid. 


2.2.2. Power transmission range 

For the active mode, the active and reactive power can be 
controlled independently. Active power adjustment range is 
— 1000 MW~ +1000 MW and reactive power is — 606 Mvar~ + 
460 Mvar. As shown in Fig. 5, the active power output limit is 
+1000 MW when the output reactive power range is 0 Mvar. 
When the absolute value of the active power is 700-1000 MW, the 
reactive power output limitation decreases according to a 
fixed slope. 

For reactive mode, the VSC-HVDC is connected to passive net- 
work, the active and reactive power is determined by loads and the 
AC voltage amplitude is controlled by the converter. According to the 
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Fig. 5. Power adjustment range of VSC-HVDC station (active mode). 
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Fig. 6. Power adjustment range of VSC-HVDC station (reactive mode). 


parameters of the converter's main circuit, absolute value of load 
power factor must be greater than 0.85, as shown in Fig. 6. When the 
power factor is 0.85, the maximum active power is 765 MW, whereas 
for a power factor of 0.9, the Maximum active power increases to 
825 MW. 


2.3. Nan-ao multi-terminal VSC-HVDC demonstration project [23] 


The Nan-ao VSC-HVDC transmission demonstration project was 
put into operation in December 2013 and its investment is 1188 
million yuan. As a demonstration project supported by the national 
863 project, the DC side voltage is + 160 kV and the transmission 
capacity is 200 MW. Both new VSC-HVDC converter stations are built 
near the original 110 kV Jinniu station and Qing-ao station in Nan-ao 
Island, respectively. The outputs of Niutou Hill, Yun-ao and Qin-ao 
wind farms are connected to Jinniu and Qing-ao stations for AC/DC 
conversion. Then, the DC power brings together at Jinniu station and 
is sent out through the new DC overhead cables of this island. The 
overhead lines are replaced by submarine cables when being away 
from the island and connected with Suliu station. After DC/AC 
conversion, it is connected with Shantou grid. The project achieves 
large-scale wind power on the island grid integration and is the first 
multi-terminal VSC-HVDC of the world. 


3. Control methods of VSC-HVDC 


General control algorithms of VSC-HVDC systems are usually 
independent to converter topology as converters only receive 
system control signal and act as power amplifiers to replicate 
the control signals on high voltage side. Therefore, the existing 
control strategies for two-level VSC-HVDC system can also be used 
for MMC based ones. For MMC, the problems of DC capacitor 
voltage balancing, circulating current suppressing and modulation 
method need further consideration. However, they have little 
effect on the upper VSC-HVDC system control algorithms, and 
belong to the lower converter control problems described in 
Section 2 of this paper. A lot of researches on two-level VSC-HVDC 
control strategies have been carried out and many useful achieve- 
ments have been obtained. The common control methods for 


VSC-HVDC described below include: double closed-loop vector 
control, direct power control (DPC), nonlinear control algorithms 
such as dead-beat control, and intelligent control. 


3.1. Double closed-loop vector control 


In this method, the outer loop is power or the DC voltage loop 
used for controlling the transmitted active and reactive power or 
the DC voltage. The inner one is the current loop, used for tracking 
the current command signals from the outer loop regulators. This 
algorithm was initially developed some years ago and is relatively 
mature [24]. Based on the basic algorithms, further researches for 
unbalanced grid voltage or transient conditions have been carried 
out. For voltage imbalance, double vector (positive and negative 
sequence components) control (DVCC) is often used [25,26]. It can 
improve the performance of system response by controlling the 
negative sequence component to meet the operation requirement 
during unbalanced AC fault. The control structure is shown in 
Fig. 7. The feed-forward decoupling control method is used for 
inner current loop. The current command signals are determined 
according to the desired conve! objects [27]. 

As shown in Fig. 7, P*, V4. and Q* are the given values of the 
active power, DC voltage and reactive power, respectively. Vea, Veb, 
Vec are the desired converter output voltages. 96+ and @~ are the 
angles of positive and negative sequence voltage vectors. “u” and 
“i” represent the voltage and current signals, respectively. eas 
script “x” represents the reference values. Superscript “p” and “n” 
represent the positive and negative sequence components, respec- 
tively. Subscript “d, q”, “ap” and “a, b, c” represent respective 
components of synchronous dq frame, two- and three-phase 
stationary frame. 

Double vector control algorithm can eliminate the second 
harmonic of the converter DC voltage under unbalanced grid 
voltage conditions. However, this strategy involves the separation 
of positive and negative sequence components, and reference 
frame transformation. As the separation of the sequence compo- 
nents involves considerable time delay, the dynamic response can 
be degraded. Virtual admittance control scheme is proposed in 
[28] without using reference frame transformation. Generalized 
integrator is used and sinusoidal current can be tracked without 
steady-state error. References [29,30] are also based on the 
stationary frame using proportional-resonant (PR) controller for 
the inner current loop. The current command signals are calculated 
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Fig. 7. Structure of double vector control under unbalanced input voltage 
conditions. 


252 J. Wu et al. / Renewable and Sustainable Energy Reviews 36 (2014) 247-255 


according to the desired control objects and it can enhance the ability 
of low voltage ride through (LVRT) when grid voltage drops. In [31] a 
near-synchronous reference frame is used to determine the positive- 
sequence fundamental frequency component in the input voltages. 
Based on this the amplitude and phase of the reference signals can be 
obtained. Thus, it does not need to extract either the harmonic or the 
negative-sequence components in the supply voltages and currents. In 
[32] a selective harmonic compensation method is proposed based on 
an improved multiple reference frame algorithm. Fast and accurate 
regulation of harmonic and unbalanced currents is achieved. In [33] a 
closed-loop observer is designed to extract the positive- and negative- 
sequence voltage components, based on converter mathematical 
model. Paper [34] uses a filter to extract the fundamental component 
of the grid voltage and the phase shift caused by the filter is 
compensated according to its characteristics. Thus, positive- and 
negative-sequence components can be detected with high precision. 
In [35] a control strategy based on model reference adaptive control 
and resonant filter is proposed for VSC-HVDC under unbalanced 
condition, without the need for sequence component detector. Paper 
{36] proposes an instantaneous power-regulation strategy called 
output-power-control method. It can obtain reference values of 
positive- and negative-sequence current based on the desired power. 
In [37], relationship between the DC link voltage ripples and the 
second harmonic component in the instantaneous output power is 
established. Based on this, a cascaded proportional-integral (PI) 
control scheme is developed for eliminating DC voltage fluctuation. 
In [38] a modified one-cycle-control (OCC) scheme is proposed to 
reduce the DC voltage ripple under unbalanced and distorted supply 
conditions without phase-locked loop (PLL) and reference frame 
transformation. 


3.2. DPC strategy 


3.2.1. Customary DPC and its improvements 

DPC has the advantages of simple algorithm and fast dynamic 
response. By regulating the power directly, the converter current 
is automatically controlled. For DPC based on look-up-table and 
hysteresis controller, the vector selection table directly affects 
system performance [39]. Based on the traditional sector division 
and vector selection method, many improvements have been 
proposed. Paper [40] changes the sector division method accord- 
ing to the reference vector position and a new vector table is 
designed. In [41] the concept of output regulation subspaces is 
proposed and it is used to make the selection of the control inputs 
more accurate under balanced and unbalanced conditions. In [42] 
the vector table is designed according to power error and its trend. 

The above methods mainly optimize the switching table of DPC 
and result in variable switching frequency. In [43-45], the strategy 
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of predictive DPC (P-DPC) is proposed. It selects appropriate 
voltage vector and calculates duty cycles directly in order to 
minimize the instantaneous active and reactive power errors or 
the sum of squared errors in every sampling period. Paper [46] 
utilizes the finite state model predictive control (FS-MPC) and 
virtual state vectors to form switching sequences within each 
sampling period. Such methods result in fixed switching fre- 
quency. In [47] the required converter voltage vector is calculated 
directly from the active and reactive power errors in a fixed half 
switching period to ensure constant switching frequency. Paper 
[48] dynamically changes the width of the hysteresis band and in 
paper [49] the hysteresis control is replaced by a fuzzy controller 
to produce near constant switching frequency. 

For unbalanced grid voltage, DPC can also be applied [50]. 
Paper [51] derives the calculation method of converter power 
under unbalanced conditions. In [52] double vector control and 
DPC are combined to determine and track the given values of 
positive- and negative-sequence power. In [53] a compensation 
component is added to the reference signals of the conventional P- 
DPC to eliminate the negative sequence component from the gird 
current. Paper [54] proposes a new DPC method by superimposing 
a negative sequence component on to the power reference signals. 
It can keep the AC current sinusoidal with power variation. In [55], 
a new optimized operation strategy is proposed based on 
exchanged power maximization with a scalar control structure 
using resonant controllers. Compared with DVCC, it has better 
performance and increased flexibility in terms of operation modes 
under transient disturbances. 


3.2.2. Virtual flux DPC (VF-DPC) 

The concept of “virtual flux“ is resulted from “virtual motor“. 
The converter input voltage is considered as the induced electro- 
motive force (EMF) generated by a motor's rotating magnetic field 
[56,57]. The measurement of the grid voltage and PLL can be 
eliminated. The position of the voltage vector is obtained through 
the integral relationship between voltage and flux. The integral 
unit is usually in the form of a low-pass filter to improve 
disturbance rejection. However, the initial value of the integral 
link is difficult to determine and system performance can degrade 
with inappropriate initial value. For this reason, paper [58] 
replaces the integral unit with a second order inertia link. In 
[59] an improved virtual flux observer based on an integrator with 
saturated amplitude limited feedback link is proposed. It elim- 
inates the DC offset caused by wrongly selected integer initial 
values. Take DC voltage control for example, the control structure 
of VF-DPC is shown as Fig. 8, where yẹ, is the flux vector angle and 
Sap,c is the switching function. 
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3.3. Dead-beat control 


Dead-beat control is mainly used for tracking control of the 
converter inner current loop. It is a kind of digital control method 
based on discrete system model. Assuming the tracking errors can 
be eliminated in the next control period, the control signals are 
directly calculated. Thus, the controlled variable can track the 
given value during the next one or several periods, and the 
method has the advantages of high tracking speed and precision, 
and ease for digital implementation, etc. [60]. However, in prac- 
tical applications, the A/D conversion and program execution will 
take some time, and control variables from previous period are 
still active during this period. Therefore, there is a certain delay 
which can bring control errors and even system instability. In 
order to eliminate the impact of the delay, recursive algorithm is 
usually used, with the converter mathematical model forward or 
backward one step recursion. Control variables of the next switch- 
ing period can then be predicted by the current sampling values. 
The control structure is shown in Fig. 9, where the “k” and “k—1” 
represent sampling value of present and previous period, and z~! 
is delay link. In principle, this method is a kind of open-loop 
observer. In [61] a method based on new state observer is 
proposed to reduce the predictive errors of open-loop state- 
observer used by conventional dead-beat control. In [62], a 
repetitive DC link voltage predictor is proposed. DC voltage is 
sampled multiple times within a switching period and the closed- 
loop observer can be constructed to eliminate the prediction errors. 
The same strategy is adopted by paper [63], in which the repetitive 
controller is used for improving current prediction accuracy. In [64] a 
new predictive algorithm was introduced using fuzzy control 
method. The prediction parameters are designed according to 
different reference current changes and the current overshoot is 
constrained and the phase delay is optimized. In [65] a deadbeat 
vector current controller is proposed and various methods for limit- 
ing the reference voltage vector have been investigated to maintain a 
proper current control. 


3.4. Other control methods 


There are strong nonlinear characteristics for VSC-HVDC sys- 
tem, and consequently, linear control methods have many limita- 
tions and non-linear control theory for VSC-HVDC has become one 
of the research focuses. Apart from the above DPC and dead-beat 
control methods, nonlinear control strategies which can be used in 
VSC-HVDC system include: input-output feedback linearization 
[66-68], passivity control [69,70], sliding mode control [71-73], 
back-stepping [74-76], active-disturbance rejection control (ADRC) 
[77-79], etc. In addition, paper [80-81] uses the inverse model 
controller (IMC) to trace the operating point of the DC voltage and 
current, whereas in [82,83] the Hoo controllers are designed for 
constant DC voltage and power control. The dynamic perfor- 
mances of the nonlinear control methods are usually superior to 
traditional vector control. On the other hand, they increase the 
complexity of the controller design and the amount of required 
calculation is large. As many state variables may be needed the 
controller performance in practical applications could be affected 
due to parameter inaccuracy. 


4. Conclusions 


For converter topology used for VSC-HVDC systems, conven- 
tional two- and three-level converters and control methods are 
fairly mature. However, with the expansion of offshore wind 
farms, the converter voltage ratings increase and a large amount 
of switching devices connected in series would be required. This 


can result in a complex manufacturing process and reduced 
reliability. MMC using cascaded structure of half bridge has a 
common DC side and removes the need for connecting devices in 
series. Therefore, MMC is particularly suitable for large-scale 
offshore wind farm applications. The number of SMs cascaded in 
one arm is unlimited and can be configured according to the 
required DC voltage. The quality of output voltage is also high and 
passive filters can be eliminated entirely. Both offshore wind farm 
VSC-HVDC projects in Shanghai and Dalian of China all adopted 
this technology. 

For the aspect of VSC-HVDC system control, the double closed- 
loop vector control based on PI regulators is relatively mature and 
easy to implement. It has been adopted by most of practical 
projects. However, the problems and uncertainties in optimizing 
regulator parameters make it difficult to obtain the optimal control 
effect. VF-DPC possesses advantages of fast dynamic response, 
reduced dependence on system parameters, and simple computa- 
tion. Therefore, it is suitable for the application of VSC-HVDC 
system. However, the design of switching table is difficult because 
of too many redundant vectors when applied to multi-level 
converters. The improved deadbeat control eliminates the effects 
of sampling and calculation delay. However, the accuracy in 
predicting the control variables is affected by system parameters. 
In summary, DPC based on switching vector selection should be 
studied to make it more applicable for multi-level converters to 
achieve good system tracking and DC capacitor voltages balance. 
Meanwhile, if combined with dead-beat control the method can 
become easier for digital implementation, and can be an excellent 
control scheme for VSC-HVDC systems. 
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